Introduction
A central problem in neurochemistry is the m an ner in which neurotransm itters interact with their re ceptor proteins to initiate a series of events that give rise to the final physiological response. In this con text we carried out systematic investigations of the crystal structures of cholinergic compounds with the purpose to elucidate the structure-activity relation ships of agonists of the natural neurotransm itter acetylcholine.
From these studies a model emerged which incor porates correlations between the X-ray structures and the pharmacological activity of cholinergic ago nists. Several aspects of this model have been pub lished earlier [1] [2] [3] [4] [5] ; a detailed presentation is given in the following paper [6] . The basic concepts of the model are twofold: The preferred directionality of the pairing interaction between the cationic am monium group of cholinergic stimulants and the com plem entary anionic binding site of the receptor Reprint requests to Prof. A. G ieren.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0341 -0382/86/0500 -0618 $01.30/0 may be obtained in the crystal structures from the direction of the vector connecting the ammonium nitrogen (N+) with a monoatomic anion (A -) which is specifically positioned with respect to the am monium group. This anion is treated as a "model binding site" of the cholinoreceptor [2] [3] [4] [5] [6] . The sec ond concept of the model concerns the differentia tion of the cholinergic activity into the nicotinic and muscarinic mode. So called "activity triangles" de fined by the N + -> A " vector and the vector connect ing N + with a further polar binding site of the neuro transm itter cation exhibit geometrical features which are associated with the appearance of the nicotinic or muscarinic mode of action.
The present paper contains the crystallographic in vestigations of the cholinergic agonists 1 and 2 and a brief discussion of their possible interactions with the cholinoreceptor according to the concepts of the model described above. Both 1 and 2 are closely related to acetylcholine (3) . In the case of 1 the carboxyl group of 3 is exchanged by an apolar C H 2-C H 2 group. In 2 the aliphatic part of the chain originating from the nitrogen atom is elongated by an ethylene group. These chemical modifications of the title compounds in comparison with acetylcholine give rise to striking differences in their cholinergic activity patterns. W hereas acetylcholine exhibits high activity with all modifications of the cholinoreceptor, 1 and 2 exhibit high nicotinic ac tivities only at the ganglia; their actions at the recep tor of the skeletal muscles and at the muscarinic re ceptor are very weak [7] [8] [9] [10] [11] . 
E xp erim en tal
Com pound 1 was synthesized [8] following a pro cedure given in ref. [9] . Colourless, hygroscopic crys tals were obtained by recrystallization from absolute ethanol. For the crystallographic study a crystal with the dimensions 0 .1 4 x 0 .1 1 x 0 .7 2 mm was selected. The synthesis of 2 is described by Barrass et al. [10] . A suitable crystal for X-ray structure analysis with the dimensions 0.62 x 0.36 x 0.74 mm was isolated by recrystallizing a sample of 2 [12] from a m ethanol/ acetone m ixture (2:1).
Due to their m oisture sensitivity the crystals of 1 and 2 were sealed prior to further investigations under dry A r gas in D ebye-Scherrer capillaries. In both cases preliminary W eißenberg and precession photographs were taken to establish the approximate unit cell dimensions and the space groups. The photographs showed for 1 the Laue group mmm, and the systematic absences Okl: k = 2n + 1; hOl: h + 1 = 2 n + l. These are consistent with the orthorhombic space groups Pbnm (centrosymmetric) or Pbn2, (non-centrosym m etric). For 2 the space group is orthorhom bic, P2i2i2!. In both cases accurate unit cell dimensions were obtained on a punch tape con trolled single crystal diffractom eter (Siem ens-A ED I, MoKa radiation). This instrum ent was also used for the m easurem ent of the reflection intensities in the 0/2G scan mode (5-point m easurem ent) up to a max imum 6 angle of 26°. Reflections with I < 2o x were classified as unobserved. Their intensities were set to 1 = 2o :. No absorption corrections were applied. The reflection intensities were corrected for Lorentz-and polarization effects.
The lattice constants and other crystallographic data are: 
S olu tion and refin em en t o f th e structures
The atomic scattering factors for 0 ,N ,C ,C L [13] and I [14] were taken from International Tables for X-ray Crystallography, those for H are given in [15] . Com puter calculations were carried out using a spe cial version [16] of the X-Ray-67 program system [17] on a Siemens-4004 com puter.
For com pound 1 £-value statistics indicated a cen trosymmetric space group. Assuming space group Pbnm the structure was solved by direct m ethods using the program PH A SD T [16, 18] . The cations are disordered via the crystallographic m irror plane. The atomic positions of C(4), C(5) and C(7) of the pentyl residue are into two positions which are sym metric with respect to this plane. Two methyl carbon atoms of the quaternary ammonium group are re lated to each other by this m irror plane. At this stage all other atoms occupy special positions on the crys tallographic m irror plane. The least squares refine ment of this model (full matrix, anisotropic tem pera ture param eters for C L , isotropic ones for the rest of the nonhydrogen atoms) yielded extremely high tem perature param eters for atoms C(6) and C(8) on the m irror plane. Therefore the refinem ent was con tinued by splitting C(6) and C(8) into double posi tions and yielded reasonable tem perature factors for both atoms.
Due to the small num ber of observed reflections no anisotropic tem perature param eters were intro duced for the C-and N-atoms and furtherm ore the Table I Table I contains the result of the refinem ent in the space group Pbnm. Table I shows, that the tem perature factor of C (l) is significantly higher than those of the rest of the atoms of the cation. It can be concluded that C (l) represents a superposition of two nearby atomic posi tions. Furtherm ore the electron density distribution in a difference Fourier map (omitting C (l)) allows the interpretation of an overlap of two atomic posi tions for C (l). A tom C l(l) also displays a relatively high tem perature factor (B = 8.1 Ä 2) which points to a slight disorder. In the structure of O-ethylcholinechloride, w here the cations are disordered, we also found high tem perature factors for the Cl anions [1] .
In Fig. 1 the num bering scheme is shown. The atoms N (l) and C(3), which are located on the m ir ror plane and also the m irror imaged atomic posi tions C (l) and C ( l') -the primed atomic positions are m irror-equivalent -are common to both disor dered cations. All other atomic positions are split into two.
Because of the disorder also alternative space groups were tested, namely the noncentrosym metric Pbn2), the monoclinic subgroups of Pbnm and PL In the first case the least squares refinem ent resulted in an jR-value not significantly [19] different from the previous one; in the other space groups structure factor calculations resulted in higher /^-values.
The cation of 1 exhibits m irror symmetry via a noncrystallographic molecular m irror plane form ed by the C atoms of the pentyl residue, N + and a trans positioned C-atom of the (CH 3) 3N +CH 2-moiety. Both gauche CH3 groups are m irror equivalent via this plane, while via the crystallographic m irror plane a gauche C H 3 group is related to the trans one (Fig. 1 ). This type of arrangem ent of the disordered (CH 3) 3N +-C H 2-group, the crystallographic symme try neglecting the molecular one, has been also ob served in some other cholinergic agents investigated by us [2] .
For compound 2 .E-value statistics indicated a non centrosymmetric space group. The I -position was detected by a Patterson synthesis, a following Fourier synthesis yielded the remaining positions of nonhydrogen atoms. The least squares refinem ent converged to an R -value of 0.071 with anisotropic tem perature param eters for the nonhydrogen atoms. The positions of the H-atom s were partially found by Table I by the crystallo graphic m irror plane at 2 = 0.25. w ay o f d iffe re n c e F o u rie r sy n th e se s a n d p a rtia lly cal c u la te d a t e x p e c te d p o sitio n s. T h e p o sitio n a l p a r a m e te rs o f th e H -a to m s a n d th e ir is o tro p ic te m p e r a tu r e fa c to rs , w h ich w ere se t to 5 Ä 2, w e re n o t v a rie d in th e c o u rs e o f re fin e m e n t. R e fle c tio n s (25) w ith I A F I > 1 1 w e re n o t u se d fo r c a lc u la tio n o f p a r a m e te r sh ifts d u rin g th e last cycles o f re fin e m e n t. T h e u n o b s e rv e d re fle c tio n s w e re se t to IF0I = 4crF (Ia = 2<7i). T h e y w e re in c o rp o ra te d in th e c a lc u la tio n o f th e p a r a m e te r sh ifts, o n ly if IFCI > I F 0I. T h e fin al p o s itio n a l a n d te m p e ra tu re p a ra m e te rs are su m m a riz e d in T a b le II.
D escription and discu ssion o f th e structures o f the cations o f 1 and 2
T h e s tru c tu r e o f th e c a tio n o f c o m p o u n d 1 is sh o w n in Fig. 2 a . T h e b o n d le n g th s a n d th e b o n d an g les s u m m a riz e d in T a b le III a re m ain ly w ith in th e re g io n o f th e e x p e c te d v a lu e s u n d e r c o n sid e ra tio n o f th e h ig h s ta n d a rd d e v ia tio n s . O n ly th e b o n d an g les Table III . Bond angles of the cations of com pounds 1 and 2. Standard deviations in term s of the last significant digit are given in parentheses.
113 ( Fig. 2 and counterclockwise for the m irror image, respectively. The conformation of the cation of 1 is described by the torsion angles Xi-x4 which are given in Fig. 2b . The unusual deviation of the torsion angle X! from 180° is an artefact caused by the disorder of C (l) and C ( l') respectively, as discussed above. At x2 the con formation of 1 (trans) deviates significantly from the conformation of acetylcholine salts (gauche) [20] [21] [22] [23] [24] . On the other hand at x3 the conform ation of 1 (trans) is similar to the conformations of acetyl choline chloride [20] , perchlorate [23] and ß-resorcyclate [24] , whereas acetylcholine bromide [21] and iodide [22] exhibit gauche conformations. The disor der of the cation in the crystal structure of 1 indicates a conformational flexibility which is regarded rele vant for the biological activity [25] .
The structure of the cation of compound 2 is shown in Fig. 3 
- 1 5 5 (4 ) the plane of the atoms C(7), 0 (1 ), 0 (2 ), C(8), and C(9) which are coplanar due to mesomeric effects. The intram olecular contact distances N +-ester oxy gen (0 (2 )) and N +-carbonyl oxygen (0 (1 )), which are of interest with respect to biological activity, are 5.42 and 6.76 Ä , respectively.
The crystal packing as a model for the interactions with the cholinoreceptor
The crystal packings of com pounds 1 (Fig. 4) and 2  (Fig. 5) are characterized by Coulombic interactions between the quaternary ammonium groups and the anions. In compound 1 the anions and cations are arranged in layers which coincide with the crystallographic m irror plane. The two shortest N +-C l-con tact distances occur within the layers, two longer ones between the layers (Table V) .
The anions in 1 and 2 exhibit the same arrange ment pattern relative to the quaternary ammonium group which we also encountered in the crystal struc tures of other halides of cholinergic compounds regardless of their crystallographic differences [1] [2] [3] [4] [5] [6] : The quaternary ammonium group is surrounded al most tetrahedrally by four anions in the first coordi nation sphere. The vectors N +-X~(X = C l,I) are oriented nearly perpendicularly with respect to the faces of the tetrahedron of the quaternary am m o nium group. They cut these faces in their center of gravity and lie therefore in the same direction as the N -C bond of the C H 3 or C H 2 group, which is oppo site to the anion with respect to the tetrahedral face. In case of an ideal geom etry one out of the four anion-N + -C angles form ed betw een the N + -anion vector and the N +-C bonds has the value of 180°, the other three of 70.5°.
Nearly ideal geometrical conditions are observed when anions occupy the sterically unhindered faces of type A and B. (The classification in face types A, B and C is given in refs. [2] [3] [4] ). Furtherm ore, face types A and B are also associated with the shortest N + -anion distances, i.e. the strongest Coulombic in teractions (Tables V, VI ). The analysis of the anionic environment of the quaternary ammonium group [1] [2] [3] [4] [5] [6] 26] and quantum mechanical calculations [27] lead to the conclusion that the nearly ideal geometry associated with A or B faces is energetically the most preferred one. This result is probably also valid in solution [27] . The sterically hindered C-type faces [2] [3] [4] are normally less favourably occupied (Tables  V, VI) .
The combination of the structural fram ew ork of the N +-a n io n interaction with pharmacological ob servations [2, 3, 5, 6] provides strong evidence that cholinergic agonists predom inantly attack the anionic binding site of the receptor via faces of type B. Therefore we suggested that m onoatom ic anions occupying B faces in the crystal structures of Table V . Shortest N + -anion contact distances in the crystal structures of 1 and 2. The letters A , B and C give the type of the faces of the tetrahedron of the quaternary trim ethylammonio methyl group which are occupied by anions. (For definition compare [2] [3] [4] .) In parentheses are given the symmetry operations which are applied to the Cl" and I" positions in Tables I and II, In the case of compound 2, besides the quaternary ammonium group, a further pharmacologically ac tive centre, the carbonyl oxygen [28] , is present. A c cording to our previous work [1] [2] [3] [4] [5] , "activity trian gles" can be form ed by the nitrogen of the quater nary ammonium group, an anion occupying a B-type face and a second active centre of the cation. With respect to cholinergic interactions it was suggested [2] , that the capability of both pharmacologically active groups (i.e. the quaternary ammonium group and the carbonyl oxygen in the case of 2) to interact with their corresponding binding sites of the receptor, re quires a degree of geometrical com plem entarity be tween the activity triangles and the active centre(s) of the receptor. This hypothesis was confirmed by the fact that the geometries of the activity triangles are unambiguously associated with the nicotinic or muscarinic mode of action of the compounds [1] [2] [3] [4] [5] [6] .
In the crystal structure of 2, two activity triangles are formed, both of them having the N +-> 0 (car bonyl) vector in common, whereas the N +-* an io n vector is formed with the anions occupying the Btype faces (1(1)* and 1(1)**, Table V) . One of these triangles is shown in Fig. 6 . The other triangle differs only slightly in the angle a (97° and 94°, respective ly). The angle o, which has been found to be the relevant param eter for the differentiation between the nicotinic and muscarinic activity mode, is in both cases in very good agreement with the typical values for nicotinic activity.
On the other hand however, the N + -O(carbonyl) distance in the case of the ganglion-active compound KD* 2 is 1-2 Ä longer than in the case of nicotinic ago nists which are active at the skeleton muscles. A very similar activity triangle and distance have been found [2] in the crystal structure of (R,S)-lactoylcholine iodide [29] , a com pound which is also active at the ganglionic receptor. Thus we conclude that the ganglionic receptor exhibit a binding site which is further apart from the binding site of the ammonium group than the corresponding binding site at the nicotinic receptor of skeleton muscles. This result is consistent with several other experimental observa tions which suggest the existence of two modifica tions of the nicotinic receptor, i.e. the modification occurring at skeletal muscles and the modification occurring at ganglia [30] , In addition compound 1 shows that considerable activation of the ganglionic receptor may be achieved with just the interactions of the quaternary ammonium group.
